Abstract Single crystals of Nd 1−x Pb x MnO 3 with x=0.2 are grown by high temperature solution growth technique using PbO-PbF 2 flux. Magnetization studies on the samples show a transition to a ferromagnetic state below T c ∼ 125 K and the resistivity measurements show it to be an insulator throughout the temperature range 50 -300 K. Electron Paramagnetic Resonance studies have been performed for T > T C with a view to comparing the results with those on metallic ferromagnetic manganites. The temperature dependence of various parameters like g-value, linewidth and intensity has been studied in the temperature range 150 -300 K. It is found that they behave in a manner similar to that exhibited by metallic ferromagnetic manganites.
have generated intense scientific activity in recent years because of the very interesting structural, transport and magnetic properties they exhibit as a function of composition and temperature [1, 2] . For example, when cooled below a certain temperature, most of these compounds undergo an insulator to metal transition which is usually accompanied by a paramagnetic to ferromagnetic transition as well around the same temperature. More interestingly they also show a very large negative magnetoresistance, aptly termed Colossal Magneto-Resistance (CMR), around this temperature. CMR is understood in the framework of the Zener double exchange (DE) model which is based on strong Hund's coupling existing between the mobile e g electron and the core t 2g electrons of the neighboring Mn 3+ and Mn
4+
ions. The charge transport is understood to retain, indeed require, parallel orientation of the e g and the t 2g electrons thus resulting in an intimate connection between the metallic conductivity and the ferromagnetic order.
Recently however, it has been realised that DE model may not be able to fully describe certain properties of manganites. For example, in the low doping regime, the system, even in the ferromagnetic state, is found to be an insulator, thus apparently contradicting the DE model. There also has been evidence for the mixed ferromagnetic insulating (FMI) and ferromagnetic conducting (FMC) phases in certain regions of the x-T phase diagram [3] . While some theoretical models propose that such mixed phases are a consequence of electronic phase separation, experimentally it is still not known whether the mixed phases have the same electronic properties as the constituent pure phases or if they have entirely different properties of a "novel" electronic state.
Electron Paramagnetic Resonance (EPR) is expected to be a very useful technique to study manganites since it is a sensitive probe of spin states and their dynamics. A number of EPR studies of mostly metallic ferromagnetic manganites in their paramagnetic state has been published in the last few years focusing on the spin dynamics vis-a-vis the charge transport [4] [5] [6] [7] [8] [9] [10] [11] . In this work we present the results of our EPR experients on an insulating ferromagnet Nd 0.8 Pb 0.2 MnO 3 , in its paramagnetic state, carried out with a view to comparing them with those of the metallic ferromagnets.
Experimental Details :
Single crystals of Nd 1−x Pb x MnO 3 with x=0.2 are prepared by the high temperature solution growth technique [12] using a PbO-PbF 2 flux . For synthesis, the precursors, Nd 2 O 3 , MnCO 3 , PbO and PbF 2 were weighed in appropriate quantities and homogenized in a ball mill. The homogenized mixture was then subjected to heat treatment under a controlled temperature environment facilitating single crystal growth.
The dc magnetization was measured using a commercial vibrating sample magnetometer(VSM) at 5 kOe magnetic field in the temperature range 280 to 4.2K. The resistivity measurement done using four probe method showed an insulating phase from room temperature down to 50 K [13] . The EPR measurements were carried out at 9.4 GHz with a Bruker ER-200D-SRC spectrometer on single crystals as well as on powder samples obtained by crushing the single crystals. The powder was dispersed in paraffin wax and DPPH was used as a 'g' marker. The spectrometer was equipped with a 12-bit A to D converter interfaced to a personal computer. In the typical field scan of 6000 G, this arrangement gives a precision of ± 3 G. The temperature was varied between 4.2 -290 K using an Oxford instruments continuous flow cryostat and temperature regulator (accuracy ± 1 K). We present here results only in the temperature range of 150 -300 K, i.e. in the paramagnetic state of the material. The EPR results in the ferromagnetic state of the manganites are known to be quite complex being dependent on sample size and thermal cycling in addition to the influence of the local field.
Results and Discussion :
The signals from the single crystal have Dysonian lineshapes at room temperature (even though the material is an insulator, it has a moderate conductivity of 1.9 Siemens cm −1 at room temperature) and they become very complex and distorted due to the effects of demagnetization factors and internal fields as the ferromagnetic order begins to set in at low temperatures. Hence, in this report we concentrate on the data from the powder sample.
In fig. 1 we show typical EPR signals obtained from the powder sample of Nd 0.8 Pb 0.2 MnO 3 .
The signals are broad with symmetric lineshapes which could be fitted to the derivative of the Lorentzian function given by,
where ∆H is the full width at half maximum and H 0 is the resonance field. The signal being broad we have used the two terms in the equation representing the response of the system to the microwave components polarised clockwise and anticlockwise respectively [10] . Fig. 2a shows the peak-to-peak linewidth ∆H pp plotted against temperature (∆H pp = ∆H F W HM / √ 3). As a function of T, it showed a behaviour similar to that described in previous papers on ferromagnetic manganites in their paramagnetic states: on approaching the T C from above, ∆H pp (T ) goes through a minimum at T min > T C ( fig. 3 ). Above T min ≈ 149K, the variation of ∆H pp (T) is found to be approximately linear [4] [5] [6] [7] [8] [9] [10] [11] . In fig. 2b we have plotted g as a function of temperature. The g value also shows a monotonic decrease as a function of temperature from 150 to 290 K.
In figure 3 we have plotted the inverse EPR intensity as a function of temperature.
We found that the inverse of EPR intensity, fitted the ferromagnetic (FM) Curie-Weiss behaviour with Θ= 148 K. As shown in the inset of fig. 3 , at high temperatures, we observed that χ dc also follows the Curie -Weiss temperature dependence, χ dc (T ) = C/(T − Θ). From the linear behaviour of χ −1 dc (T ), we have determined the Curie constant as 0.021 emu K gm −1 Oe −1 and Θ is found to be 152 K which are very similar to the ones obtained from the I −1 EP R (T). Previously, Causa et al., [6] and Moreno et al., [14] have interpreted the temperature dependence of ∆H pp of CMR manganites (which show ferromagnetic metallic phase), in their paramagnetic (PM) phase, using the expression,
where χ s (T ) = C/T is the single ion susceptibility and the χ EP R (T ) corresponds to the paramagnetic behaviour of the coupled system. Causa et al., also found that the ratio ∆H pp (T )/∆H pp (∞) plotted as a function of Finally, the g value ( fig. 2b) , which goes on increasing as the sample is cooled towards the FM transition temperature T c , seems to suggest a building up of FM correlations. As the internal fields due to the FM correlations increase, the resonant field shifts downwards resulting in a monotonic increase in the g value with decreasing temperature. Previous EPR studies performed on CMR manganites do not report any in-depth study of the temperature dependence of g in the PM state although the FM correlations are expected to build up even in those systems.
Another possible origin of this behaviour of g could be in the different electronic structure in the two types of systems. It has been found that in the FM metallic phase, the macroscopic Jahn-Teller ordering and distortion of octahedra disappear and ordinarily no orbital ordering is expected in this phase. However, experimental data suggest a possibility of orbital order in the FMI state. Indeed orbital order is considered to be a possible candidate for explaining the FMI state in the low doping regime of the phase diagram of manganites [15] . In the charge ordered compounds which we have studied before [16, 17] , we have attributed the increase in the g value below the charge ordering temperature, to the gradual build up of orbital order, resulting in the increase in the spin-orbit coupling constant λ. The g shift observed in the manganites showing FMI phase, may also be attributed to the building up of such an orbital order. However, to substantiate this hypothesis, more experimental and/or theoretical work is required. 
